This paper describes experimental observations of various phenomena characteristic of dynamic intersonic decohesion of bimaterial interfaces. The optical method of coherent gradient sensing is used in conjunction with high speed photography to explore the nature of the large scale contact formation at the vicinity of a running crack in a PMMA/steel bimaterial system. Theoretical predictions of crack tip speed regimes where large scale contact is implied are confirmed. A physical model for intersonic crack propagation along bimaterial interfaces is presented and ratified in view of most recent experimental observations and theoretical developments.
Introduction
In homogeneous materials, the observations of crack growth speeds greater than the shear wave speed, ν > c s , is limited to the cases when the loading is applied directly to the propagating crack tip. For remotely loaded cracks, energy considerations make it impossible for the crack tip speed to exceed the Rayleigh wave speed of the material [1, 2] , Thus, the only experimental observations of intersonic or supersonic crack tip speeds, ν > c s or ν > c/, in a laboratory setting have been on crack growth along weak crystal planes in single crystals of Potassium Chloride, where the crack faces were loaded by laser induced expanding plasma [3, 4] , Indirect observation of intersonic shear rupture (c s < ν < c/) has also been reported for crustal earthquakes [5] . These observations have motivated extensive theoretical work in the area of high speed shear fracture in homogeneous materials. This has been primarily conducted with seismological applications in mind [6, 7, 8, 9, 10, 11 and 12] .
In bimaterial systems, however, it has been recently demonstrated (by the authors and their coworkers) that intersonic crack propagation along bimaterial interfaces is possible even under remote loading conditions [13, 14, 15, 16, 17] . Indeed, it has been experimentally shown that if there exists a significant mismatch in the stress wave speeds across the bimaterial interface then the crack can propagate intersonically with respect to the material with the lower shear wave speed, while it remains subsonic with respect to the material with the higher wave speed. Under these conditions only a finite amount of energy has to be supplied to the crack tip to maintain extension as the propagational speed approaches the lower of the two Rayleigh wave speeds. This fact was Vol. 11, Nos. 1-3, 2000 Dynamic Shear-Dominated, Supersonic Crack Growth in Bimaterial and Layered Systems and its Relationship to Earthquake Rupture analytically derived by Yang et. al [18] on the basis of a subsonic analysis and removes the theoretical restriction for the attainment of intersonic crack tips speeds of the type that exist in homogeneous materials. Despite these initial attempts, the phenomenon of intersonic crack propagation is still more or less unexplored. The experimental evidence is quite limited and still there does not exist a completely physically realistic theoretical model for the intersonically propagating interfacial crack. In view of these limitations, the current study presents valuable experimental observations on interface failure in the intersonic regime and interprets these observations based on currently available theory.
Coherent Gradient Sensing (CGS)
The technique of coherent gradient sensing (CGS) was employed to study intersonic crack propagation along a bimaterial interface subjected to impact loading. This optical technique provides real-time full field information and is ideally suited to investigate dynamic fracture events when used in conjunction with high speed photography. Figure 1 shows a schematic of the CGS setup in a transmission configuration. A coherent, monochromatic, collimated laser beam is incident of the bimaterial specimen. After transmission through the transparent side of the deforming specimen, it acquires an optical path difference and loses collimation. The optical path difference acquired is due to stress induced differences in refractive index and due to a non-uniform contraction in the thickness direction around the vicinity of the crack tip (Poisson's ratio effect for elastic solids). The resulting, noncollimated, beam passes through two line diffraction gratings Gi and G2 of fine pitch ρ (typically 40 lines/mm). The gratings are situated a distance ^(typically 30-50 mm) apart and perform a "shearing" of the incident wave front. The gratings' output intensity is transmitted through a filtering lens L. A diffraction spot pattern is obtained on the filtering plane, which is located at the back focal plane of lens L. At this plane all but one diffraction orders are blocked. The one remaining diffraction spot (either of ±1 orders), shown in figure 1 as the open circle on the filtering plane, is imaged to produce an interference pattern. For the case of a dynamic experiment the imaging device is a high speed camera focused on the specimen.
The details of analyzing the CGS optical method can be found in several previous articles including Tippur et al. [19] and Rosakis [20] and will not be repeated here for the sake of brevity. The condition for formation of constructive CGS interference fringes on the image plane, for gratings with lines parallel to the χ2 direction, is,
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where, S(x/, χ2) is the optical path change that is introduced due to specimen deformation at a certain location in the Xj-X2 plane. It has also been assumed that the diffraction gratings Gi and G 2 are close enough and/or fine enough to obtain an interferogram that represents the ^/-gradient of S, rather than an jc/-finite difference of S. If the grating lines are parallel to the xj direction then it can be shown that the condition for constructive interference becomes
For the case of plane stress and a transmission configuration the quantity S(xi, χ2) is related to the stress state in the deforming specimen as [20] ,
where c a is a stress optical coefficient for the material, h is the specimen thickness and σ π and d 22 are thickness averages of the in-plane stress components in the plate. For points outside the near tip three dimensional region the CGS patterns assume a simple interpretation in terms of two dimensional stress field approximations. In particular, equations (1) and (2) 
where, in the case of transmission, c a is the stress optical coefficient of the transparent material. The CGS interferograms are imaged by a rotating mirror type high speed camera (Cordin Co., model 330A). The camera records 80 frames of the dynamic event and is typically operated at an Note that in this case the CGS interferograms represent contours of constant gradients of the first stress invariant, <7,, + σ 22 , of the thickness averaged stress tensor in plane stress, σ. This invariant can also be expressed in terms of the principal stresses of σ as follows: σ,, + σ 22 -<7[ + σ 2 , since σ 33 = σ 3 = 0. Thus, the technique of CGS will not be sensitive to changes in the individual components of stress as long as the derivative of σ, + σ 2 remains a constant.
Bimaterial Specimen and Loading Arrangement
The bimaterial specimen used in these experiments consisted of a transparent polymer bonded directly to a metal. The material combination was chosen so that there would be a large mismatch in the mechanical properties across the interface and this would intensify the dynamic effects. The transparent half was Plexiglas (Poly-methylmethacrylate or PMMA) while the metal half was AISI 4340 steel. Throughout this paper, the transparent polymer side of the specimen will be referred to as material-1 and the metal side as material-2.
Mechanical properties of the materials constituents are listed in Table 1 . Since PMMA exhibits rate sensitivity its properties are listed for two extreme strain rates (έ = 10~35 _1 and έ = L0 31 (glassy state)) that could be encountered by material elements in the vicinity of the propagating crack tip. In reality the material surrounding the propagating crack tip is not subject to any uniform value of strain rate. Instead there is a strain rate distribution around the crack tip which depends on the crack tip stress field. Thus, the material wave speeds at any given point of observation would depend on the effective strain rate at that point and would lie between the two extreme values listed in Table  1 . It should be noted that 4340 steel does not exhibit any appreciable strain rate sensitivity for the strain rates in consideration. As shown in Table 1 , the PMMA/steel combination results in a significant mismatch of mechanical properties and, most importantly for dynamics, wave speeds across the bimaterial interface. The values of the plane-stress quasi-static oscillatory index ε are also listed for PMMA/steel and PMMA/rigid combinations. As demonstrated by these values, the material combination behaves very similar to an elastic/rigid bimaterial system. Thus, one can expect intensified interfacial effects during the dynamic fracture event.
The specimen preparation procedure for the PMMA/steel interface is described by Tippur and Rosakis [21] . The issue of bond strength and toughness has also be addressed by the same authors.
The bimaterial specimen was subjected to one-point bend type impact loading as shown in figure 2 . The impact was achieved by using a cylindrical steel projectile launched using a pressurized gas-gun. The projectile was 75 mm long and 50 mm in diameter, and the impact velocity was 20 m/s. It is apparent that the loading history experienced by the crack tip would depend on whether the specimen was impacted on the polymer side or the metal side of the interface. In all the experiments the specimen was impacted from the metal side of the interface, so that the energy to the propagating crack tip would be supplied from the side with the higher stress-wave speeds. The nature of the loading arrangement results in the interface crack tip being loaded primarily in shear. The projectile impacting the metal side of the specimen generates stress wave fronts as shown in figure 3(a) . The main compressive dilatational stress wave traverses the width of the metal specimen. When this wave passes by the pre-crack tip at the interface it loads the crack tip primarily in shear. This compressive dilatational stress wave then reflects from the opposite free surface as a tensile wave and again propagates by the crack-tip on the interface going in the opposite direction. Doing so it enhances the state of shear that exists around the crack tip (doubles the particle velocity in the negative xy-direction), resulting in crack initiation and crack extension. The acoustic mismatch across the bimaterial interface greatly impedes the transfer of stress waves from the metal to the polymer. Hence, the interface crack is driven from the metal side and primarily in a state of shear. Note, that at later times other reflections from the specimen boundaries will also impinge upon the interface, as shown in figure 3 (c), and will change the nature of loading. However, these effects occur later on in the time history of the fracture process.
Results and Discussion

Observation of Contact
A typical selected sequence of CGS interferograms from a one point bend experiment on a PMMA/steel specimen is shown in figure 4 . Note that the CGS fringes are observed only in the transparent side (i.e. the PMMA side) of the specimen. The instantaneous location of the crack tip is known from each frame and this was used to determine the history of the crack tip speed. A typical crack tip speed history obtained from one such experiment is plotted in figure 5 MMA [22] , Crack tip accelerations were of the order of 8 2* 10 m/s , which establishes the highly unstable nature this crack tip event. This dynamic and highly repeatable variation of the crack tip speed was first observed by Lambros and Rosakis [14] and explained by Lambros and Rosakis [16] and Liu et. al [23] , Figure 5: Crack tip speed history for dynamic crack growth along a PMMA/steel bimaterial interface subjected to impact loading.
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The terminal crack tip speeds that have been observed for these experiments were about 140% of the upper extreme of c p s MMA . Nevertheless, the dilatational wave speed of PMMA was not exceeded. Thus, crack growth in this speed regime is termed as being intersonic. Crack propagation in the intersonic regime has a direct effect on the nature of the fringe patterns observed. At first the fringes are smooth and continuous, while the crack tip is still subsonic, as shown in the first few frames in figure 4 . Moreover, the forward and rear fringe loops focus at a single point along the interface, which is the crack tip. In subsequent frames, however, the fringes become squeezed and elongated normal to the interface. Finally, in the intersonic crack growth regime, the fringes in the center of the two lobed fringe pattern do not seem to focus to a single point along the interface. Instead they intercept the bond line over a finite area between the two main lobes, which is evident in the last frame in figure 4 . This effect is seen clearly in figure 6 , in which the length of the area between the front and back lobes is identified as d. The fringe pattern seen in this particular frame is caused by large scale contact of the crack faces along d, as the crack is propagating in the intersonic regime. This large scale contact of crack faces was first observed by Lambros and Rosakis [16] , theoretically confirmed by Liu et. al [23] , and also observed by Singh and Shukla [17] . From the numerical simulation point of view, Xu and Needleman [24] have confirmed the existence of a contact zone area when the crack tip speed exceeds the lower of the two Rayleigh wave speeds.
Intersonic Crack Growth Along an Elastic/Rigid Interface
It was noted earlier that the PMMA/steel bimaterial system can be modeled very well as an elastic/rigid approximation. Now, consider a crack propagating intersonically along an elastic/rigid interface, as shown in figure 7 . Using an asymptotic analysis Liu et. al [23] have shown that the stress field around the crack tip can be expressed as, 
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The variation of the singularity exponent, q(v), with crack tip speed, v, is plotted in figure 8 for different values of the Poisson's ratio of the elastic material. The exponent starts at a value of q(v) = 0 at v = c s and increases monotonically with crack tip speed till it reaches a maximum value at ν = -Jlc s . With further increase in the crack tip speed the exponent decreases monotonically back to the value q = 0. Note that q(v) remains less than 0.5 for the entire speed range considered. This limit on the maximum value of q(v) implies that energy flux into the moving crack tip is always zero irrespective of the crack tip speed in the intersonic crack growth regime.
The asymptotic analysis is very useful in explaining several key features of intersonic crack propagation along bimaterial interfaces. The first result is that across the head wave front S 0 , see figure 7 , the components of stress and particle velocity are discontinuous. Therefore, unlike subsonic crack growth where only one singular point is present at the crack tip, for the case of intersonic crack growth, an entire singular line of infinite jumps in stress and particle velocity appears in the body. The singularity across this line is the same as that at the crack tip. The line originates from the propagating crack tip and radiates out into the elastic solid. The existence of such a discontinuity is evident by inspection of equation (5) shown above. The existence of such shock waves could not be confirmed by the CGS experiments. Note that by the very nature of the technique, CGS would not be sensitive to these discontinuities in the stresses and hence the mach wave would not show up in the CGS interferograms. The first direct observation of the line-of-discontinuity was by Singh and Shukla [17] on a Homalite-100/aluminum bimaterial system using the technique of photoelasticity in conjunction with high speed photography. Further evidence of the line-of-discontinuity is presented in the numerical simulations of Xu and Needleman [24] . Liu et. al [23] also showed that there is no energy dissipation when the singular line S 0 moves through the elastic material.
Consider the normal tractions along the interface at an arbitrary distance a ahead of the moving crack tip, σ 22 (a,0 + /), and the crack opening displacement at the distance a behind the moving crack It should be noted at this point that in the intersonic regime the asymptotic crack tip field does not have the oscillatory nature characteristic of all subsonic crack growth solutions. In the subsonic cases it is this oscillatory nature that accounts for contact and interpenetration. As discussed by Rice [25] , in most cases, this "small scale" contact is of the order of 10" 8 Z-, where I is a characteristic length of the problem. The situation here is very different. The observed and predicted contact zones are large scale {d = 1 -5 mm) and are not a result of an oscillatory nature of the field. In the present scenario contact is related to the intersonic motion of the crack tip disturbance. Indeed this phenomenon is reminiscent of the intersonic motion of a line load on an elastic half-space. In this problem when the speed of the moving load exceeds the Rayleigh wave speed of the half-space the direction of surface displacements, under the load, is in opposition to the direction of loading [26] , When crack face contact does indeed occur the asymptotic solution is no longer valid and the problem must be revisited under different crack face boundary conditions. Nevertheless, despite this limitation the solution does provide considerable conceptual insight into the intersonic crack growth phenomenon.
Same qualitative observations as above have been made for a more realistic elastic/elastic analysis for intersonic bimaterial crack growth [27] , Here again traveling shock waves have been predicted. Also, for certain crack tip speed range large scale contact was implied by the solution. However, the details of the speed range where contact is predicted is slightly modified depending on the relative magnitudes of wave speed mismatch of the two elastic solids.
Material-1
Traveling Mach Waves ' η2 Figure 9 : Schematic of crack face openings for a intersonically propagating interface crack. Given the experimental observations presented in the previous section and the asymptotic analyses of Liu et. al [23] and Huang et. al [27] it is believed that when the crack tip is propagating in the regime c s < ν < -Jlc s , with respect to material-1, the crack faces behind the moving crack tip would be in contact. This contact zone would propagate along with the moving crack tip as illustrated in figure 9 . Finite contact behind the propagating crack tip raises the possibility of two shock waves being generated at the moving crack tip and at the end of the contact zone. Indeed, most recent experimental observations based on photoelasticity clearly show the existence of two such shock waves when crack propagatf in the regime c s < ν < 42c s with respect to the more compliant material [28] , Figure 10 shows the two shock waves observed using dynamic photoelasticity for intersonic crack propagation along a homalite-100/aluminum interface. In addition, the experiments also show that the two shock waves are equally inclined to the interface and indeed propagate with the same speed for substantial time periods throughout the experiments. [28] Very recently, Huang et. al [29] have employed an asymptotic analysis to determine the stress field around crack tip propagating intersonically along a bimaterial interface accounting for frictional, finite crack face contact (as shown in Figure 11 ). The solution features a large scale contact zone and predicts two distinct traveling shock waves, one emanating from the crack tip and the other from the end of the contact zone. Moreover, it also predicts a non-zero energy dissipation rate due to frictional dissipation associated with the contact region.
Closure
This paper describes experimental observations of various phenomena characteristic of dynamic intersonic decohesion of bimaterial interfaces. The optical technique of coherent gradient sensing (CGS) interferometry was employed in conjunction with high speed photography, to explore intersonic interfacial crack propagation in a PMMA/steel bimaterial system. Using the techniques of CGS the nature of large scale contact formation at the vicinity of the propagating crack is explored. It is confirmed that large scale contact does indeed occur when the crack tip speed is in the c s < ν < Λ/2C S regime, as implied theoretically. Finally, a physical model for intersonic crack propagation along bimaterial interfaces was presented and ratified in view of most recent experimental observations and theoretical developments
